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Abstract

Generation of hydrogen is very important, as it is one of the most desired alternatives to fossil fuels. Moreover, designing
of cheap and stable electrocatalysts is the task for the efficient generation of hydrogen with reasonable activity. Materials
hybridization can be considered a tool for engineering different material properties. Composites of modified silicon such as C—
Si, Ni/(C-Si), Pt/(C-Si), and Pt—Ni/(C—Si) were prepared (in weight percent) and studied as electrocatalysts for the hydrogen
evolution reaction (HER) in 0.5 M H,SO, solution. The surface morphologies and chemical compositions of the composites
were confirmed using transmission electron microscopy (TEM), scanning electron microscopy (SEM), energy-dispersive
X-ray analysis (EDX), X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), X-ray fluorescence analysis (XRF),
elemental mapping, and BET surface analysis. The electrochemical measurements of linear sweep voltammetry (LSV),
Tafel plots, chronoamperometry, and electrochemical impedance spectroscopy (EIS) were used to study the behaviour of the
prepared electrodes toward the hydrogen evolution process. Among the various prepared composites, [7%Pt-3%Ni]/[C-Si
(1:1)] composite shows the best catalytic activity with the highest HER rate (940.95 uA cm~2 s~1), the lowest overpotential
[0.358 V vs. (Ag/AgCl) ~ 0.161 V vs. (RHE)] at 10 mA cm™2, and the lowest charge transfer resistance (2.657 Q) compared
to other prepared electrodes. In addition, it gives the highest values of 4.219 x 107> s~! turn over frequency (TOF) and
642 mA g~! mass activity. It shows good stability towards the hydrogen evolution reaction as the current density reaches
about 34.28 mA cm™ after 5 h.
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1 Introduction

The majority of energy is supplied by fossil fuels, but
their long-term use is unacceptable. Therefore, increasing
interest has been paid to renewable energy sources because
of the energy crisis and environmental contaminants [1, 2].
To meet the demand for energy supply in the framework
of a sustainable society, it becomes necessary to produce
electricity from renewable energy sources [3].

Hydrogen is considered to be one of the most important
future sources of clean energy because it is one of the most
desired alternatives to fossil fuels [4—12]. The generation of
hydrogen economically and sustainably is very important
to the future realization of the hydrogen economy. The
electrocatalytic hydrogen evolution reaction (HER) has
attracted great interest because of its ease and generality
[2, 5, 13-19]. Using renewable energy sources to produce
hydrogen via electrolysis is a promising carbon-free method,
but it must be improved in terms of efficiency and durability
before it can be commercially viable [20-22].

Long-term stability of HER catalysts is of great
importance for the material that has potential practical
applications, especially considering that the HER catalyst
mostly works in the acidic environment [13, 23, 24]. The
key issue for HER is to search for cheap electrocatalysts
with excellent activity in order to produce hydrogen
massively and efficiently [13, 25-27]. Thus, designing
stable catalysts that work well in an acidic environment is
of great significance [28, 29].

It is well known that the interaction between the
metal and the support materials may greatly influence
the catalytic performance [30, 31]. Silicon (Si) and
silicon-related materials are used in various applications,
including solar cells and current electric devices [2, 32,
33]. Silicon supports have attracted much attention because
of their novel physical and electrochemical properties.
Several methods have been developed for the fabrication
of Si, such as a laser-ablation metal-catalytic method
[34], an oxide-assisted method [35, 36], and a solution
technique [37, 38]. Si has several benefits, including
low cost, abundance, nontoxicity, and well-understood
processing methods. Also, it is relatively cathodically
stable, has a suitable band gap resulting in the formation of
an electrochemically passive oxide upon interaction with
aqueous media, and in principle can produce a significant
portion of the total photovoltage needed for water splitting
[21, 39]. Functionalization of Si nanostructures is one
way to further improve the properties of these devices.
The chemical bonds between Si and metals prevent the
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aggregation of the loaded metal nanoparticles [40, 41],
which could greatly enhance the electrocatalytic stability.

Carbon Black Vulcan XC 72 is one of the commonly used
conducting supports in the preparation of catalysts, where it
showed good properties such as porous nature, light weight,
large surface area, and good adsorption of the catalyst on its
surface [42]. They possess high electrical conductivity, high
chemical stability, and extremely high mechanical strength
and modulus [43]. Accordingly, they were applied and used
as supports in electrocatalysis [44, 45].

Platinum (Pt) is regarded as the best catalyst with the
highest efficiency at the current stage. Because of their
high current densities and near-zero overpotential, Pt and
Pt-based materials have been widely used as HER catalysts
[14, 46-50]. The high cost and rareness of Pt have motivated
scientists to design new materials as acceptable replacements
for Pt or to contain as little Pt as possible [48]. So, adding
a small amount of platinum to other metals is preferred to
avoid the high cost of platinum and obtain the advantages of
the synergy of the added metals.

Ni is considered an efficient and stable electrocatalyst
for producing hydrogen in an alkaline medium [51, 52].
By adjusting the applied overpotential, Ni can also be used
as an efficient electrocatalyst in an acidic medium [53].
Even though Ni has sufficient electrocatalytic activity for
hydrogen ion reduction, there is a great need for increasing
its activity through alloying or increasing specific surface
area through various structures [50-52, 54—57]. Ni possesses
the best electrocatalytic activity among all nonprecious
metals, and particularly its nanoparticles have a major
impact on improving electrocatalytic activity [52, 58, 59].

This work is an attempt to design cheap and stable
electrocatalysts for HER with reasonable activity to produce
hydrogen. Silicon—carbon composite is used as a host
material for metals, namely Ni and/or Pt, in small amounts to
be used as hybrid electrocatalysts. The stability and catalytic
activity of the as-prepared catalysts towards the HER in the
acidic medium are the main targets of this study.

2 Experimental
2.1 Materials

All the chemical materials used in this study are of analytical
grade and were used as received without further purification.
The used chemicals; Mg powder, carbon black (XC 72),
H,SO,, HCIl, HF, CH;COOH, Polytetrafluoroethylene
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(PTFE), Ni(NO;),-6H,0, H,PtClg, ethylene glycol, and
hydrazine were purchased from Fluka-Honeywell Research
Chemicals. The crushed silica (Si0,) is prepared by crushing
the Sinai white sand with a ball mill for 8 h at a speed of
200 rpm to obtain particles with an average size of 100 nm.
The double-distilled water with a resistivity of 17 MQ cm™"
was used for the preparation of various solutions.

2.2 Extraction of silicon from white sand

Si is extracted by mixing crushed SiO, and Mg powder
with a molar ratio of 1:2, respectively, and blending them
thoroughly using a stainless steel spatula. 100 g of the
mixture was placed in a sealed stainless steel reactor and
put in a programmed muffle furnace. The temperature was
raised at a rate of 5 °C min~! to the target temperature of
850 °C. After the desired holding time (2 h), the furnace
was switched off, and the sample was cooled slowly to room
temperature within the furnace. Then, the reaction product
cake was removed and crushed to a fine powder [60].
Recovery of Si from the reduction products was achieved by
leaching the reduction products in three stages: (a) In the first
stage, the powders were leached in 2 M HCI at 70 °C with
continuous magnetic stirring to remove MgO and Mg,Si;
(b) The second stage involved leaching the material with
2 M HClI and 25% acetic acid for the removal of Mg,SiO,;
(c) To remove the remaining Mg,SiO,, unreacted silica, and
other contaminated metallic impurities, the material was
further leached with 4.8% HF and 25% acetic acid at 70 °C
in a polypropylene container for 1 h. Finally, all acids were
removed by washing with warm demineralized water, and
the product was filtered and dried.

From the economic and practical point of view, the filtrate
produced in the first stage of leaching contains pure MgCl,:

2HCI + MgO — MgCl, + H,0
4HCI + Mg, Si — 2MgCl, + SiH4(burns in air)

So, the filtrate was evaporated under reduced pressure
at 110 °C to obtain pure MgCl,-6H,0 to be used for other
purposes [61, 62].

2.3 Synthesis of C-Si, Ni/C-Si, Pt/C-Si, and Pt-Ni/C-
Si catalysts

10 mg of carbon black was accurately weighed and heated
for 1 h at 160 °C for activation. Then, definite amounts of
silicon were added to prepare pastes with different wt% ratios
of silicon:carbon composite. Each paste was synthesized by
adding the appropriate weight of silicon to carbon, and 5 mL
of methanol was added. The components were stirred well
on the hot plate to ensure good mixing between carbon and

silicon. 1-2 drops of polytetrafluoroethylene (PTFE) were
added to bind the components together to form a paste. Each
paste was heated for 1 h at 160 °C for activation before each
experiment.

The prepared electrodes were encapsulated in the form
of a disc with an apparent circular surface area of 0.135
cm?. The best-chosen silicon—carbon powder, according to
their mixing ratio, was modified with nickel and/or platinum
metals. The silicon—carbon powder was mixed with a
calculated amount of hydrated nickel nitrate Ni(NO;),-6H,O
and dispersed in 20 mL of ethylene glycol with constant
mechanical stirring on a hot plate for 3 h at 60 °C to
intercalate the precursor ions into C—Si support pores. Then,
the in-situ reduction of Ni** was achieved by adding the
hydrazine dropwise to reduce Ni** into Ni° nanoparticles.
After filtration and washing with acetone, the composite
was collected and dried in an oven at 90 °C for 1 h. By
applying the same procedures, the Pt/C—Si and Pt-Ni/C-Si
hybrid materials were prepared using hexachloroplatinic
acid H,PtCl as a platinum precursor.

2.4 Characterization procedures

The surface morphologies and chemical compositions
of the prepared composites have been investigated using
TEM, SEM, EDX, XPS, XRF, BET, and XRD. The TEM
profile was investigated using the transmission electron
microscope model Jeol jem 1400, Japan. The SEM images,
elemental mapping, and EDX analysis were examined on a
Zeiss Sigma 300 vp Field Emission electron microscope.
X-ray Fluorescence analyzer, Malvern Panalytical, Epsilon
1, was used for the XRF analysis. An X-ray diffractometer,
PANalytical model X, pert PRO, with a Cu K radiation
(k=1.5418 A) and a scanning rate of 0.3 min~!, was used
for the XRD analysis. The X-ray photoelectron spectroscopy
(XPS) data were collected on K-alpha (Thermo Fisher Sci-
entific, USA) using monochromatic X-ray Al K-alpha radia-
tion with a spot size of 400 um at a pressure of 10~ mbar
and a full-spectrum pass energy of 200 eV and a narrow-
spectrum pass energy of 50 eV. The textural analysis of the
as-prepared composite catalytic systems was characterized
by nitrogen adsorption—desorption isotherms at 196 °C using
the NOVA 3200 apparatus, USA. For surface degassing, the
samples were pretreated under vacuum (10~ Torr) at 150 °C

Table 1 The concentration of metallic species loaded onto the C-Si
composite

Catalyst Pt (%) Ni (%)
10%Ni/[C-Si (1:1)] - 9.65
10%Pt/[C-Si (1:1)] 9.82 -
7%Pt-3%Ni/[C-Si (1:1)] 6.85 2.57
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for 2 h. From the adsorption isotherm branch, the surface
areas (Spgpp) were estimated using the BET equation. The
pore size distribution was calculated from the isotherm’s
desorption branch using the Barrett, Joyner, and Halenda
(BJH) method.

2.5 Electrochemical measurements
The electrochemical measurements towards the HER were

carried out using C-Si, Ni/C-Si, Pt/C-Si, and Pt-Ni/C-Si
catalysts as working electrodes in a three-electrode cell. The

"

Mag =4KX . "HV =20kV
e A -

reference electrode was a silver/silver chloride electrode
(Ag/AgCl/sat. KCI solution), and the counter electrode was a
Pt sheet. The electrochemical measurements were performed
using linear sweep voltammetry (LSV), chronoamperometry,
electrochemical impedance spectroscopy (EIS), and Tafel
plots. The chronoamperometry measurements were recorded
at — 0.6 V, and the EIS measurements were recorded at the
onset potential of HER according to each electrode within
a frequency range from 10° to 10> Hz at an alternating cur-
rent amplitude of 5 mV. All these electrochemical studies
were performed using a potentiostat (CHI 660 Potentiostat/

f

Ni -

boipe Pt kl Ni P
Y 1 T T
2 4 0 8 10

Fig. 1 SEM images of the samples a Si, b C-Si (1:1), ¢ 10%Ni/[C-Si (1:1)], d 10%Pt/[C-Si (1:1)] and e [7%Pt—3%Ni]/[C-Si (1:1)]; and f EDX

analysis of the composite [7%Pt-3%Ni]/[C-Si (1:1)]
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Table 2 The values of weight%

A ’ Element Weight%
of the elements in the composite
[7%Pt-3%Ni]/[C-Si (1:1)] C 48.16
obtained from EDX analysis Si 4137
Ni 3.75
Pt 6.62

Galvanostat). The measurements were carried outina 0.5 M
H,SO, solution at a room temperature of 25+0.2 °C.
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Fig.2 The nitrogen adsorption—desorption isotherm and PSD of the as-prepared composites
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3 Results and discussion
3.1 Constitutional investigation

To confirm the composition and the proportion of the
metallic species of the as-prepared composite catalysts,
10%Ni/[C-Si (1:1)], 10%Pt/[C-Si (1:1)], and [7%Pt-3%Nil/
[C-Si (1:1)], the metallic elemental analysis was achieved
via XRF analysis, Table 1. From the table the concentration
of metallic species in each catalyst is very close to its weight
during the preparation, which confirms the good accuracy
of the preparation.

The scanning electron microscopy (SEM) images in
Fig. la—e show the surface morphology of Si, C-Si (1:1),
10%Ni/[C-Si (1:1)], 10%Pt/[C-Si (1:1)], and [7%Pt-3%Nil/
[C-Si (1:1)], respectively. The surface morphology of Si
(Fig. 1a) shows large agglomerates of white Si sheets with
mesopores (cf. Table 3). The SEM image of C-Si (1:1)
(Fig. 1b) exhibits a homogeneous distribution between
carbon and silicon. On the other hand, the SEM image of
10%Ni/[C-Si (1:1)] (Fig. 1c) shows the same image of C-Si
(1:1) but with lighted, homogeneously distributed dots that
could indicate the presence of Ni particles on the surface.
The SEM image of 10%Pt/[C-Si (1:1)] (Fig. 1d) is similar
to the previous composite, but Pt is shown as grey-coloured
dots and aggregates. Figure le represents the surface mor-
phology of the composite [7%Pt—3%Ni]/[C-Si (1:1)], and it
shows a very large homogeneity between the components of
this composite. The elemental composition of this composite
[7%Pt-3%Ni]/[C-Si (1:1)] is determined by the energy-dis-
persive X-ray (EDX) technique and is represented in Fig. 1f.
Values of the wt% of the elements Si, C, O, Ni, and Pt for
this composite are represented in Table 2. The relatively
high percentage of C compared to Si (even though their ratio
in the prepared composite is 1:1) is due to the small size of
carbon, which in turn causes a higher distribution compared
to Si.

Figure 2 shows the acquired N, adsorption—desorption
isotherms across Si pristine material, [C-Si (1:1)], 10%Ni/
[C-Si (1:1)], and [7%Pt-3%Ni]/[C-Si (1:1)]. All material
isotherms belong most probably to type III according to
the TUPAC classification, exhibiting an H3 hysteresis loop
that suggests slit-like pores with capillary condensation in

Table 3 Surface characteristics

heterogeneous micro- and/or mesopores (cf. the SEM and
PSD profiles). Table 3 shows the surface parameters derived
from adsorption—desorption isotherms, including specific
surface areas (Sggy ng_l), pore volumes (V,, cm’ g_l), esti-
mated at 0.95 p/p°, and average pore diameter (DpCp), assum-
ing a cylindrical pore (cp) model derived from PSD curves
depicted in Fig. 2. It is evident from the Table that adding
C to the extracted Si may result in significant increases in
surface area and pore size, where the hydraulic diameter
is shifted from 1.2 nm for Si to 3.5 nm for [C-Si (1:1)],
with the elimination of wider pores that are most probably
filled with carbon. By loading the electrode surface with
metallic species, a marked increase in surface area and pore
volume, accompanied by a decrease in pore diameters, is
observed. This may be related to the restructuring of the
surface network.

XPS is a powerful analysis tool that is used to identify the
surface chemical compositions and the oxidation states of
the elements of the prepared composites. The XPS survey
spectra of the as-prepared composite electrodes and their
constituent metallic species are shown in Fig. 3. The pres-
ence of carbon, silicon, oxygen, nickel, and platinum are
detected as the main peak elements in the prepared compos-
ite electrodes. The XP-spectra of Ni and Pt in the various
composites display different peaks-relative intensities due
to the difference in the environment and synergism between
the metallic species [63—67]. The relative intensity of the
peak characteristic for clean platinum, viz., Pt©, is higher
in [7%Pt-3%Ni]/[C-Si (1:1)] than in 10%Pt/[C-Si (1:1)],
which is consistent with the catalytic performance in which
the Pt° species provides the active sites for the oxidation
reaction rather than Pt** [68]. Furthermore, the XP-spectra
of Ni and Pt in the 10%Ni/[C-Si (1:1)] and 10%Pt/[C-Si
(1:1)] differ markedly from the spectra in the [7%Pt—3%Ni]/
[C-Si (1:1)], confirming Ni—Pt synergism.

XRD is another technique that is used to elucidate the
phase analysis of the prepared composites. XRD analysis
of [7%Pt-3%Ni]/[C:Si (1:1)] is represented in Fig. 4. It is
noted in the figure that the characteristic peak of C has a
very low intensity compared to Si, referring to the difference
in the degree of crystallinity. The diffraction patterns illus-
trate well-defined diffraction peaks for Si according to the
standard card (00-005-0565); peaks at 28.5°, 47.3°, 56.1°,
69.2°, and 76.3°; assigned to (111), (220), (311), (400),

of Si and various prepared

talvii h Item Si-neat material ~ [C-Si (1:1)]  10%Ni/[C=Si (1:1)] 10%Pt/ 7%Pt=3%Ni/
catalytic composites [C*Si (1:1)] [C*Si (1:1)]
D,E? (nm) 31.419 142.72 45.604 41.40 29.356
V09 (cm3 g7 0.0262 0.0239 0.071664 0.0946 0.1423
Spgr (m? g™ 13.33 38.671 52.29 61.85 68.4
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Fig.3 XP-spectrum of the as-prepared composite electrodes and their constituent metallic species

and (331) planes, respectively. A small, broad peak for C
appeared at 25.5°, corresponding to the (002) plane accord-
ing to the standard card (00-001-0640). The peaks assigned
to Ni appear as a small broad peak at 43.1° and a small
peak at 60.2° characteristic for (200) and (220), respectively,
according to the standard card (00-001-1258). The peaks
characteristic of Pt appear as a small broad peak at 39.6°, a
peak at 47.1°, and a small peak at 68.3° assigned to (111),
(200), and (220) planes, respectively, according to the stand-
ard card (01-085-5658).

3.2 Electrochemical properties and catalytic
performance

Silicon has attracted much attention because of its novel
physical and electrochemical properties [69]. Silicon
in its pristine form has a high specific surface area, but
it was found to have very little activity for the HER. So,
modification of silicon was necessary to obtain a good
catalyst towards HER. In this study, the bi-constitute
composite material C—Si was first prepared and investi-
gated in different ratios. In the second stage of the study,
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Fig.4 XRD pattern of the composite [7%Pt—3%Ni]/[C-Si (1:1)]

tri- and tetra-constitute composites of Ni/C-Si, Pt/C-Si, and
Pt—Ni/C-Si were prepared and optimized.

Firstly, carbon powder was mixed with silicon in various
weight ratios to increase the specific surface area of the
prepared electrodes and optimize the best ratio for obtaining
good catalytic performance. The electrocatalytic activity of
the prepared composites towards HER was studied using
the LSV technique at 25 °C in the potential range from+ 0.1
to — 1.3 V (Ag/AgCl) at a scan rate of 5 mV s~! in 0.5 M
H,SO,, as shown in supplementary Fig. s1. This study
showed that, carbon enhances the activity of silicon, and
the composite C:Si with a ratio of 50%:50% gives the best
results compared to the other ratios either with respect to
the value of the onset potential of this reaction or the rate
of HER. This ratio gives the least negative onset hydrogen
evolution potential (— 0.741 V) and the highest rate of HER
(45.49 pA cm~2 s7!) compared to other C:Si ratios in this
study. The rate value of hydrogen evolution was deduced
from the slope of the straight segment of the cathodic current
of hydrogen evolution (mA cm~2 V1) multiplied by the scan
rate [SmV s7'].

For all the foregoing studies, a carbon—silicon mixture
with a ratio of 50%:50% was chosen as the host composite
material for supporting the metal particles. Nickel metal was
incorporated into the silicon—carbon matrix via the in-situ
reduction of Ni precursor to obtain Ni/(C—Si) composites.
Various electrodes were prepared by loading different weight
ratios of Ni onto C:Si (1:1), and their activity towards the
HER was studied in the potential range from+0.1to — 1.0 V
(Ag/AgCl) at a scan rate of 5 mV s~!. The electrochemical
behaviour of the prepared nickel-modified composites
is represented in supplementary Fig. s2. It is noticed that
the composite with a ratio of 10% Ni and 90% [C:Si (1:1)]
shows the highest rate of HER (170.2 yA cm™ s™'), the
least onset hydrogen evolution potential (— 0.288 V), and the
lowest overpotential [0.671 V vs. (Ag/AgCl)] at 10 mA cm™
compared to other ratios.
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Fig.5 LSV of the prepared composites Si, C-Si (1:1), 10%Ni/[C-Si
(1:1)], 10%Pt/[C-Si (1:1)] and [7%Pt-3%Ni]/[C-Si (1:1)] in 0.5 M
H,SO, at 5mV s~

Despite the initial high electrochemical activity of nickel,
it may be deactivated during operation due to hydrogen
adsorption, promoted by the strong Ni-H,,; bond strength,
causing the shielding of Ni-surface active sites. Also, this
results in performance degradation with an increase in the
overpotential under constant current stress [70-72]. So,
adding another active metal with nickel would solve this
problem by increasing the activity and stability towards
the HER. Platinum is considered the best catalyst for HER
[73, 74], as it exhibits high current density and nearly zero
HER overpotential [47]. However, platinum is also livery
expensive, and therefore, its amount should be reduced
as much as possible to reduce the cost. So, platinum is
prepared in a composite with a ratio of 10% Pt and 90%
[C:Si (1:1)] for comparison with Ni composite, and this
amount is reduced during the modification with Ni metal
in the composite.

HER was investigated using the following prepared elec-
trodes; Si, C-Si (1:1), 10%Ni/[C-Si (1:1)], 10%Pt/[C-Si
(1:1)], and [7%Pt—3%Ni]/[C-Si (1:1)] (optimized ratio) in
0.5 M H,SO, solution in the potential range from+0.1 to
— 1.0 V (Ag/AgCl) at a scan rate of 5 mV s~! as shown
in Fig. 5. It is observed that the electrode [7%Pt-3%Ni]/
[C-Si (1:1)] gives the best result compared to other pre-
pared electrodes [highest HER rate (940.95 pA cm™2 s71h),
lowest overpotential [0.358 V vs. (Ag/AgCl) = 0.161 V vs.
(RHE)] at 10 mA cm™]. This means that the incorporation
of a small amount of platinum and nickel metals into the
carbon-silicon composite enhanced their activity towards
the HER. This may be linked with the synergetic effects
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Table 4 The onset potential, overpotential at 10 mA cm™2 and the rate of HER (uA cm™ V1) vs. (Ag/AgCl) of the Si-neat material and the pre-

pared composites

Composite Onset potential of H, evolution (V)  Overpotential of H, evolution (V) vs. (Ag/  Rate of HER (A
vs. (Ag/AgCl) AgCl) at 10 mA cm™2 em~2 57 vs. (Ag/
AgCl)
Si — 1.000 More negative than 1.000 5.00x1074
C-Si(1:1) —0.741 More negative than 1.000 45.485
10%Ni/[C-Si (1:1)] —0.288 0.671 170.22
10Pt%/[C-Si (1:1)] - 0.259 0.455 595.25
[7%Pt-3%Ni)/[C-Si (1:1)] - 0.215 0.358 940.95

Table 5 Values of current density (mA cm™2), mass activity (mA g_'), current per active surface area (mA cm™2), and turn over frequency s™h

for the prepared composites at — 0.6 V (Ag/AgCl)

Composite
cm‘z)

Current density (mA  Current density (mA g~") for
10 mg mass electrode

Turn over
frequency

(O]

Current density per active
surface area (mA cm™2)

Si 0.296
C:Si (1-1) 1.751
10%Ni%/[C=Si (1:1)] 7.675
10%Pt/[C=Si (1:1)] 25.41
[7%Pt-3%Ni}/[C=Si (1:1)] 4759

3.996
23.64
103.6
343.0
642.5

2.800 3.273x107*
1.769 3.534x1073
3.125 4219%1073

of the binary metallic species in the prepared composites,
as discussed in the XPS analysis, and the intrinsic activity
of platinum [50, 75, 76]. The values of hydrogen evolution
onset potential, overpotential at 10 mA cm™2 and the rate of
HER (pA cm™2 s7!) are shown in Table 4. The rate values
were calculated from the slopes of the straight line relations
represented in Fig. s3. These lines are obtained by plotting a
relation between potential values, selected from the straight
segments of hydrogen evolution in Fig. 5 at potential values
from — 1.0 V till — 0.4 V, and their corresponding current
density values.

The enhanced catalysis of the prepared composites
as shown in Table 4 may be due to the increase in the
electroactive surface area. So, the active surface area of the
prepared composites was evaluated by recording the CV
response of 1.0 mM [Fe(CN)¢]*7*~ (1:1) in 0.1 mol L™!
KCl solution at different scan rates as shown in Fig. s4. The
surface area is calculated using the Randles—Sevcik equation
[77]:

I, = (2.69%x 10%)n*/?AD'*CV'/?,

where 1, is the peak current (A), n is the number of the
transferred electrons in the electrochemical process (n=1),
A is the electrode surface area (cm?), D is the diffusion coef-
ficient (6.5x 107 cm? s™! [77]), C is the concentration of
the redox probe (mol cm™), and v is the applied scan rate
(V/s). By substituting the slope of /, versus V' (see Fig.
s4) in the above equation, the electroactive surface area was

0.00 |

-0.02 |

-0.04 |

1/ V(Ag/AgCl)

-0.06 |

— Si

— C:Si(1:1)

2008 | —— 10%Ni/[C:Si (1:1)]

—— 10%Pt/[C:Si (1:1)]
[7%Pt-3%Ni]/[C:Si (1:1)]

-6 -4 =2 0 2

log [-i/ mA cm'z]

Fig.6 Tafel plot of the prepared composites Si, C-Si (1:1), 10%Ni/
[C-Si (1:1)], 10%Pt/[C-Si (1:1)] and [7%Pt-3%Ni]/[C-Si (1:1)] in
0.5MH,S0, at I mV s~

calculated to be 0.370, 1.939, and 2.056 for 10%Ni/[C-Si
(1:1)], 10%Pt/[C-Si (1:1)], and [7%Pt-3%Ni]/[C-Si (1:1)],
respectively.

Another activity metric used as a reaction kinetics
indicator is turnover frequency (TOF). It shows the amount
of hydrogen that evolves each unit of time at a single
catalytically active site [78]. The following equation [79]
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can be used to get TOF for the hydrogen evolution reaction
under the assumption that Faradic efficiency is 100%:

TOF =1/2XFxm,

where [ is the current (A), 2 is the number of electrons
needed to produce a molecule of the product H,, F is the
Faraday constant (96,500 C mol_l), m is the number of
moles of metallic active species in the composite. The
number of moles of metallic species is calculated accord-
ing to the mass values obtained from XRF analysis, and
each composite mass was 10 mg. Then, the number of
moles of metallic species in 10%Ni/[C-Si (1:1)], 10%Pt/
[C=Si (1:1)], and [7%Pt-3%Ni]/[C-Si (1:1)] are 1.64x 107,
5.03x107°, and 7.89 x 107 mol. A comparison between
current density (mA cm~?), mass activity (mA g_l), cur-
rent per active surface area (mA cm™?), and turn over fre-
quency (s~!) for the prepared composites Si, C—Si (1:1),
10%Ni/[C-Si (1:1)], 10%Pt/[C-Si (1:1)], and [7%Pt-3%Ni]/
[C-Si (1:1)] is tabulated in Table 5. It is observed that all

Table 6 Tafel slope (b), and exchange current density (i,) for the
Si-neat material, the prepared composites C-Si (1:1), 10%Ni/[C-Si
(1:1)], 10%Pt/[C-Si (1:1)] and [7%Pt-3%Ni)/[C-Si (1:1)] in 0.5 M
H,SO,

Composite Tafel slope (b)) Exchange current
[V dec™!] density (i,) [mA
cm™2]
Si 0.141 0.00088
C:Si(1-1) 0.135 0.00185
10%Ni%/[C-Si (1:1)] 0.095 0.11018
10%Pt/[C-Si (1:1)] 0.133 1.48913
[7%Pt-3%Ni)/[C-Si (1:1)] 0.136 5.34491

the current density values are increased with the sequence;
Si<C-Si (1:1) < 10%Ni/[C-Si (1:1)] < 10%Pt/[C-Si
(1: D] < [7%Pt-3%Ni]/[C-Si (1:1)] except the current den-
sity per active surface area. The lower value for 10%Pt/[C-Si
(1:1)] compared to 10%Ni/[C-Si (1:1)] may be due to the
large size of Pt compared to Ni of the same ratio. The values
obtained in case of [7%Pt-3%Ni]/[C-Si (1:1)] may be due to
the synergism between Pt and Ni in the prepared composite.

Tafel plot represents the relation between the polarization
current density and the overpotential as a probe of the
intrinsic behaviour of the electrocatalysts according to the
following equation [48, 80]:

n = a + b log(-i),

[T 1)

where “p” is the overpotential (V), “a” represents the inter-
cept, “b” represents the Tafel slope, and “i” represents the
cathodic current density. The exchange current density (i,)
is an important parameter for the HER, and it can be cal-
culated from the relation: log i, =(— b/a). The high value
of i, represents the better electrocatalyst towards the HER.
Figure 6 represents the Tafel plots for Si and the composites
C-Si (1:1), 10%Ni/[C-Si (1:1)], 10%Pt/[C-Si (1:1)], and
[7%Pt—3%Ni]/[C-Si (1:1)] in 0.5 M H,SO, solution at a scan
rate of 1 mV s~!. It is observed that all the prepared com-
posites have nearly the same slope, which indicates that the
mechanism of hydrogen evolution is the same. The slope and
exchange current density values of the prepared composites
are represented in Table 6. From these results, it is indicated
that the prepared composite [7%Pt—3%Ni]/[C-Si (1:1)] is
the best one towards the HER compared to other prepared
composites. A comparison between our work and other work
in literature is represented in Table 7.

Table 7 Comparison between

o Catalyst Electrolyte Overpotential for HER (mV)  Tafel slope References
our study and other similar vs.(RHE) at l0mA cm™  (mV dec™)
studies in literature
[7%Pt-3%Nil/[C-Si (1:1)] 0.5MH,SO, 161 136 This work
Pt—Ag/SiNW 0.5MH,SO, 135 70 [25]
Re-SiNW 0.5 MH,SO, 390 81 [81]
‘WS2/nano-Si etched 0.5 MH,SO, 140 45 [82]
Copper-silica 0.5M H,SO, 200 67 [83]
Mesoporous 95% Ni/Pt 0.5MH,SO, 140 63 [84]
PtM/p-GO 0.5 M H,SO, 18 23 [85]
Pt/NC-850 0.5M H,SO, 17 32 [86]
Ni-doped CoP/Co2P NSs 0.5MH,SO, 100 66 [87]
Graphene-based Ni—Pt 1M KOH 268 139.1 [50]
coated electrode
Pt-Ni (1:1)/rGO 0.1 M KOH 147 72 [88]
Pt2@Ni-rGO 1 M KOH 200 328 [89]
Ni-Fe—Pt 1 M KOH 463 81 [90]
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Fig. 7 Nyquist plot of the Si-neat material and the prepared compos-
ites C-Si (1:1), 10%Ni/[C-Si (1:1)], 10%Pt/[C-Si (1:1)] and [7%Pt—
3%Ni[/[C-Si (1:1)] at HER onset potential of each composite. The
inset figure represents magnification of Nyquist plot of the prepared
composites C-Si (1:1), 10%Ni/[C-Si (1:1)], 10%Pt/[C-Si (1:1)] and
[7%Pt-3%Ni)/[C-Si (1:1)]

Fig. 8 Equivalent circuit used for fitting the Nyquist plot

Electrochemical impedance spectroscopy (EIS) was used
to evaluate the electrode polarization and understand the
charge transfer kinetics towards the HER. The observed EIS
spectra from these measurements at lower frequencies indi-
cate the material behaviour, and at a higher frequency, they
are usually associated with the bulk electrolyte behaviour
[25]. EIS measurements were recorded at the onset poten-
tial of each electrode within a frequency range from 10° to
10% Hz at an alternating current amplitude of 5 mV.

120

Si

C:Si (1:1)

10%Ni/[C:Si (1:1)]
10%Pt/[C:Si (1:1)]

80 [ [7%Pt-3%Ni]/[C:Si (1:1)]
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Fig.9 It curves of the Si-neat material and the prepared composites
[C-Si (1:D], 10%Ni/[C-Si (1:1)], 10%P¢/[C-Si (1:1)] and [7%Pt-
3%Ni]/[C-Si (1:1)] at — 0.6 V (Ag/AgCl) in 0.5 M H,SO,

Bode plots of the prepared composites are shown in
Fig. s5. The impedance (Z) of HER decreases in the order
Si > C-Si (1:1) > 10%Ni/[C-Si (1:1)] > 10%Pt/[C-Si
(1:1)] > [7%Pt=3%Ni]/[C-Si (1:1)]. The lowest value of (Z)
indicates the high conductivity and catalytic activity towards
the charge transfer reaction of the HER, which confirms that
the composite [7%Pt-3%Ni]/[C-Si (1:1)] is the best cata-
lyst towards the HER among the employed electrodes. The
Nyquist plot for the prepared composites is constructed
and represented in Fig. 7. The capacitive semicircle diam-
eters decrease with the insertion of carbon and Pt—Ni metal
particles till reaching the best behaviour for the composite
[7%Pt—3%Ni]/[C-Si (1:1)]. Magnification Nyquist plot of
the prepared composites C-Si (1:1), 10%Ni/[C-Si (1:1)],
10%Pt/[C-Si (1:1)] and [7%Pt-3%Ni]/[C-Si (1:1)] is rep-
resented in inset Fig. 7.

The fitting data were applied for these composites, and
the equivalent circuit that is used for fitting is represented
in Fig. 8. The equivalent circuit was found to compose of

Table 8 The fitting parameters

It R [Q F R [Q] WIQ R, [Q] C,[F

for the Si-neat material and em <@l Q(O‘S) [F] [ €1 2 1€ 1 [F]

the prepared composites as Si 746 8.135x107° 4263  4.625x10° 9701  1.534x107*

calculated by the instrument C=Si (1:1) 1265  4295x10™* 755  2616x10° 5017 6.675x107

software for the electrode with

area 0.135 cm? 10%Ni/[C-Si (1:1)] 30.14  6.784x10™* 1561  6325%x 102 2,606 1.222x107°
10PY[C=Si (1:1)] 3305 1371x107% 1195 1.755x107 6537 6.395x1077
[7%P-3%Ni)/[C-Si (1:1)] 1329  2.337x107° 2.657 1.496x 10* 4994 5.254x1077
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Fig. 10 a TEM, b elemental mapping, and ¢ SEM image of [7%Pt—3%Ni]/[C-Si (1:1)] exploited catalyst

solution resistance (R,), constant phase element [Q(0.5)],
charge transfer resistance (R,), Warburg diffusion compo-
nent (W), surface adsorption capacitance (C,), and surface
adsorption resistance (R,) [25, 91, 92]. All fitting param-
eters for the prepared composites as calculated by the instru-
ment software are represented in Table 8. All parameters
are tabulated as taken from the device without being multi-
plied by surface area. The presence of Warburg impedance
in the circuit confirms that mass transport is limited by the
surface protective film. The presence of a constant phase

@ Springer

element confirms the porosity of the prepared composites. In
comparison to other materials, the composite 7%Pt—3%Ni/
[C-Si (1:1)] delivers the lowest values of the charge transfer
resistance which supports the electrode’s maximum activity
towards the HER.

3.3 Durability test

The stability of the prepared catalysts is an essential
parameter for the practical application of the synthesized
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electrocatalysts. It is measured by the variation in current
versus time (I-t curve), where the catalyst with excellent
stability shows a negligible loss in current density with
time. /-t curves of the Si-neat material and the prepared
composites: C-Si (1:1), 10%Ni/[C-Si (1:1)], 10%Pt/[C-Si
(1:1)] and [7%Pt=3%Nil/[C-Si (1:1)] at — 0.6 V (Ag/AgCl)
in 0.5 M H,SO, for 5 h are represented in Fig. 9. It is
observed that the stability of the prepared composites can
be arranged in the following order: Si<C-Si (1:1) < 10%Ni/
[C-Si (1:1)] < 10%Pt/[C-Si (1:1)] < [7%Pt-3%Ni]/[C-Si
(1:1)], as indicated from the cathodic current density values
obtained for these composites. The current density in case
of 10%Pt/[C-Si (1:1)] composite decreases rapidly from the
start current density and reaches 22.35 mA c¢cm™ after 5 h
compared to that at [7%Pt-3%Ni]/[C-Si (1:1)] which attains
stability early and reaches 34.28 mA cm™ after 5 h. This
means that the presence of Pt and Ni in the composite add
extra stability to the catalyst towards HER compared to the
presence of Pt only in the composite. To confirm the sta-
bility of [7%Pt—3%Ni]/[C-Si (1:1)] as a promised catalyst,
the exploited catalyst was investigated by TEM, SEM, and
elemental mapping as shown in Fig. 10. The figure exhibits
the homogeneity of the composite catalyst and its stability
during the catalytic HER.

4 Conclusion

The study shows that the Si-neat material has very low
activity towards HER. However, doping with C, Ni, and
Pt significantly enhances the electrocatalytic activity by
increasing the composite electrode surface area and the
synergism between the constitutional species. Ni/C—Si
composite electrode exhibits deactivation during the HER
process. The incorporation of Pt in a small ratio with Ni
into [C-Si (1:1)] enhances the stability and activity of
the electrode via the synergism between Ni—Pt bimetallic
species. All the tests done for the as-prepared composite
electrodes show that [7%Pt—3%Ni]/[C-Si (1:1)] has the best
activity and stability towards the HER in acidic medium
compared to other prepared composites in this study. It shows
the lowest overpotential [0.358 V vs. (Ag/AgCl) =~ 0.161 V
vs. (RHE)] at 10 mA cm™2, best exchange current density
(5.345 mA cm™2), and the lowest charge transfer resistance
(2.657 Q). It gives the highest turn over frequency (TOF)
value of 4.219x 1073 57!, and 642 mA g™! for mass activity
compared to other prepared composites. In addition, it shows
good stability towards the hydrogen evolution reaction as
the current density reaches about 34.28 mA cm~2 after 5 h.
Therefore, this work represents a promising approach for
designing and fabricating electrocatalysts with improved

electric energy for the production of green hydrogen to
improve energy conversion efficiency.
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